We recently reported that RabGEF1 is a negative regulator of high-affinity Fc receptor for IgE (FcRI)-dependent mast cell activation and that mice lacking RabGEF1 develop severe skin inflammation and increased numbers of dermal mast cells. To better understand how RabGEF1 can regulate signaling events and biological responses in mast cells, we examined the responses of bone marrow-derived cultured mast cells (BMCMCs) from wild-type (؉͞؉) and Rabgef1 knockout (؊͞؊) mice after stimulation with the c-Kit ligand, stem cell factor (SCF), an important regulator of mast cell development, survival, proliferation, and activation. We found that RabGEF1-deficient mast cells exhibited enhanced and prolonged activation of Ras and extracellular regulated kinase, and significantly elevated IL-6 secretion, after stimulation with SCF. SCF-induced activation of c-Jun N-terminal kinase was increased in Rabgef1 ؊/؊ BMCMCs, but without corresponding significant increases in SCF-induced migration or adhesion. SCF-mediated activation of the survival-enhancing kinase, Akt, also was increased in Rabgef1 ؊/؊ BMCMCs, and these cells had a survival advantage over their ؉͞؉ counterparts in vitro. Despite enhanced Ras activation in the absence of RabGEF1, SCF-induced proliferation was lower in Rabgef1 ؊/؊ BMCMCs compared with their ؉͞؉ counterparts. Finally, we found that c-Kit internalization was delayed in the absence of RabGEF1, probably reflecting a positive role for Rab-GEF1 in the regulation of endocytic events, and that infection of Rabgef1 ؊/؊ BMCMCs with a wild-type RabGEF1 lentiviral construct normalized c-Kit internalization to the levels seen in ؉͞؉ BMCMCs. Thus, RabGEF1 plays a critical role in the regulation of SCF͞c-Kitmediated signaling events and biological responses in mast cells.
M
ast cells are critical effector cells in IgE-associated immediate hypersensitivity and other allergic disorders and also can contribute to T cell-dependent immune responses and certain innate immune responses (1) (2) (3) (4) (5) (6) (7) . Activated mast cells can secrete three major classes of mediators: (i) preformed mediators (e.g., histamine, tryptase) stored in cytoplasmic granules, by a process called degranulation; (ii) newly synthesized proinflammatory lipid mediators (e.g., leukotrienes, prostaglandins); and (iii) numerous growth factors, cytokines, and chemokines (1, 2, 4 -7) . Although aggregation of high-affinity IgE receptors (FcRI) expressed on the mast cell surface induces the release of all three classes of mediators, the type, kinetics, and amounts of particular mediators released depends on the nature of individual activating stimuli and on genetic and microenvironmental factors (6) .
By using bone marrow-derived cultured mast cells (BMCMCs) from WT (ϩ͞ϩ) and Rabgef1 knockout (Ϫ͞Ϫ) mice, we showed that RabGEF1 (Rab guanine nucleotide exchange factor 1; also known as Rabex-5) can function as a potent negative regulator of IgE plus antigen-induced mast cell degranulation, lipid mediator release, and cytokine production and that RabGEF1 can bind to Ras and can negatively regulate FcRI-dependent Ras activation in mast cells (8) . Interestingly, RabGEF1 was identified by another group as an activator of Rab5, a small GTPase in the Ras superfamily that plays a crucial role in early endosome trafficking (9) . Rabgef1 Ϫ/Ϫ mice exhibit increased perinatal mortality, and all Rabgef1 Ϫ/Ϫ mice that survive to adulthood develop severe skin inf lammation (8) . Dense infiltrates of inf lammatory cells, and increased numbers of mast cells, are present in lesional skin; however, skin from nonlesional areas also has significantly elevated numbers of mast cells.
The c-Kit ligand, stem cell factor (SCF) (also known as mast cell growth factor, steel factor, or kit ligand), is a critical factor for the development, survival, proliferation, and functional activation of mast cells (reviewed in ref. 10) . SCF can induce mast cell migration, adhesion to extracellular matrix components, and secretion of mediators (11) (12) (13) . SCF initiates these responses by binding to c-Kit, a tyrosine kinase-containing receptor expressed on the mast cell surface.
We investigated potential roles of RabGEF1 downstream of a receptor tyrosine kinase by comparing SCF-induced signaling events and functional activation in Rabgef1 Ϫ/Ϫ vs. ϩ͞ϩ BMCMCs. We also report methods for the successful infection of mouse BMCMCs with lentiviral expression vectors and demonstrate that infection of Rabgef1 Ϫ/Ϫ BMCMCs with a lentiviral expression vector encoding WT RabGEF1 can normalize Rab-GEF1 expression levels and c-Kit internalization in Rabgef1 Ϫ/Ϫ BMCMCs.
Results and Discussion
Our attempts to identify differentially expressed mRNA transcripts after FcRI-dependent mast cell activation revealed the rapid up-regulation of the transcript encoding RabGEF1 (8) . RabGEF1 mRNA expression also was up-regulated at 30 and 60 min in BMCMCs after stimulation with SCF but returned to baseline by 2 h (see Fig. 5 , which is published as supporting information on the PNAS web site).
Because SCF is important in the induction of several biological responses in mast cells, we compared SCF-mediated signaling events in primary mast cell populations derived from Rabgef1 Ϫ/Ϫ and ϩ͞ϩ mice. Rabgef1 Ϫ/Ϫ and ϩ͞ϩ BMCMCs [Ͼ99% FcRI and c-Kit positive (data not shown)] expressed comparable levels of the SCF receptor, c-Kit ( Fig. 1A ; see also Fig. 6 , which is published as supporting information on the PNAS web site). Although certain populations of Ϫ͞Ϫ BMCMCs showed a slightly broader peak of c-Kit mean fluorescence by flow cy- corresponding baseline (0 SCF) value. n.s., not significant.
These migration assays were performed by using transwells coated with fibronectin, a standard approach in such studies (27, 28) . However, we found decreased levels of ␤ 1 integrin on the surface of Rabgef1 Ϫ/Ϫ BMCMCs vs. ϩ͞ϩ cells (Fig. 8B) . Because ␣ 5 ␤ 1 is the major integrin involved in BMCMC adhesion to fibronectin (12, 29) , the migration assay results may simply reflect differences in ␤ 1 levels between Rabgef1 Ϫ/Ϫ and ϩ͞ϩ BMCMCs. Notably, despite decreased ␤ 1 expression, SCFmediated adhesion to fibronectin was comparable in Rabgef1 Ϫ/Ϫ and ϩ͞ϩ BMCMCs at lower doses of SCF, but was slightly reduced in the Ϫ͞Ϫ cells at higher concentrations of SCF (Fig. 8C) .
Enhanced Akt Phosphorylation and Survival in Rabgef1 ؊/؊ BMCMCs.
In addition to Erk1͞2 and JNK phosphorylation ( Fig. 1 C and D) , several SCF-induced tyrosine phosphorylation events were enhanced and prolonged in the absence of RabGEF1 (see Fig. 9 , which is published as supporting information on the PNAS web site). We therefore looked at other key signaling pathways activated downstream of c-Kit. SCF-induced phosphorylation of Akt (Ser-473) was enhanced and prolonged in RabGEF1-deficient BMCMCs ( Fig. 2A) and fetal liver-derived cultured mast cells (Fig. 7A) . Because Akt is a survival-enhancing serine͞ threonine kinase (30, 31) , we compared the survival of Rabgef1 Ϫ/Ϫ vs. ϩ͞ϩ BMCMCs. By Annexin V staining, Rabgef1
BMCMCs had a survival advantage over their ϩ͞ϩ counterparts upon growth factor withdrawal [pooled data from five independent experiments yielded 13.6 Ϯ 2.3% vs. 29.0 Ϯ 4.5% viability (P Ͻ 0.05) in ϩ͞ϩ vs. Ϫ͞Ϫ BMCMCs, respectively] (Fig. 2B ). If such a survival advantage also occurs in Rabgef1 Ϫ/Ϫ mast cells in vivo, this survival advantage may contribute to the increased numbers of mast cells observed in the skin of Rabgef1 Ϫ/Ϫ mice. We did not observe enhanced survival of Rabgef1 Ϫ/Ϫ BMCMCs in response to SCF in vitro, as assessed by Annexin V staining (see Fig. 10 , which is published as supporting information on the PNAS web site). However, interpretation of these results is confounded by the decreased proliferation observed in BMCMCs in the absence of RabGEF1, as described below.
Decreased Proliferation in Rabgef1 ؊/؊ BMCMCs. In addition to its role in survival, Akt plays an important role in the regulation of cell-cycle events (32) (33) (34) (35) , and Ras activation is known to regulate a wide spectrum of cellular responses, including proliferation (14, 15, 36) . Surprisingly, despite increased activation of Ras ( Fig. 1B ) and enhanced phosphorylation of Akt ( Fig. 2 A) in the absence of RabGEF1, SCF-induced proliferation was lower in Rabgef1 Ϫ/Ϫ vs. ϩ͞ϩ BMCMCs, as assessed by 3 H-thymidine incorporation (Fig. 2C ) or carboxyf luorescein diacetatesuccinimidyl ester dilution (see Fig. 11 A, which is published as supporting information on the PNAS web site). Fig. 2C shows a representative 3 H-thymidine incorporation assay from one batch of BMCMCs. In eight other experiments, each with triplicate determinations, we observed a 19-70% reduction (mean Ϯ SEM ϭ 46.5 Ϯ 5.9%) in the proliferation of Ϫ͞Ϫ BMCMCs compared with ϩ͞ϩ BMCMCs (P was Ͻ0.12 for results from Ϫ͞Ϫ vs. ϩ͞ϩ BMCMCs in one experiment, but P ranged from Ͻ0.05 to Ͻ0.01 in the other seven experiments). Cell-cycle analysis indicated that cell-cycle progression was impaired in the Rabgef1 Ϫ/Ϫ BMCMCs (Fig. 11B ). Because our BMCMCs were generated in medium containing IL-3, we also compared IL-3-induced proliferation in Rabgef1 Ϫ/Ϫ and ϩ͞ϩ BMCMCs and found that, like SCF-induced proliferation, IL-3-induced proliferation was reduced in the absence of RabGEF1 (see Fig. 12 , which is published as supporting information on the PNAS web site).
This unexpected decrease in SCF-or IL-3-induced proliferation in Rabgef1 Ϫ/Ϫ BMCMC may be due, in part, to growth factor-induced up-regulation of the cell-cycle inhibitor, p21 (35, (37) (38) (39) . Microarray analysis indicated that p21 mRNA levels were substantially higher in Rabgef1 Ϫ/Ϫ vs. ϩ͞ϩ BMCMCs after a 2-h stimulation with 100 ng͞ml SCF (J.K. and S.J.G., unpublished data). Similarly, SCF stimulation induced higher levels of p21 protein expression in Rabgef1 Ϫ/Ϫ BMCMCs compared with their ϩ͞ϩ counterparts (Fig. 2D) . Although it is well established that Ras can act as a dominant transforming oncogene, several studies found that high levels of Ras activity can cause growth arrest in primary fibroblasts and in tumor-derived cell lines (35, (37) (38) (39) (40) (41) . Moreover, various mechanisms to explain the antiproliferative effects of Ras have been proposed, including the Ras͞Raf͞Erk1/2-mediated induction of p21 (37-39). Notably, when we tested medium containing both SCF and IL-3, the somewhat reduced proliferation observed in Rabgef1 Ϫ/Ϫ vs. ϩ͞ϩ BMCMCs did not achieve statistical significance (see Fig. 13 , which is published as supporting information on the PNAS web site). Although it could be argued that exposing BMCMCs to both SCF and IL-3 may better reflect growth conditions in vivo, the decreased proliferation observed in the Rabgef1 Ϫ/Ϫ BMCMCs may simply reflect other aspects of the in vitro culture conditions. Indeed, under our usual conditions for generating BMCMCs in IL-3-containing medium, we consistently obtained fewer BMCMCs from Rabgef1 Ϫ/Ϫ vs. ϩ͞ϩ bone marrow cells after 4-6 weeks in culture. Thus, the role of RabGEF1 in regulating mouse mast cell survival and proliferation appears to be complex, and none of the conditions examined in vitro may directly reflect the situation in vivo.
Delayed c-Kit Internalization in RabGEF1-Deficient BMCMCs. Although receptor-mediated endocytosis and signal transduction are tightly coupled, the functional relationship between these two processes is not fully understood (42-44). As indicated above, RabGEF1 was initially isolated as a GEF for Rab5, a positive regulator of early endosome fusion in vitro (9) . The GEF activity of RabGEF1 is encoded by its central Vps9 (vacuolar protein sorting 9) domain, which displays high homology to the yeast protein implicated in endosome-to-vacuole transport, Vps9p (9, 45) . Although Rab5 has been shown to be an important regulator of ligand-induced receptor endocytosis within intact cells (46, 47) , all studies examining the role of RabGEF1 in endosome fusion events to date have relied on in vitro fusion assays (9, 48) . Thus, we were interested in evaluating ligandinduced receptor endocytosis in Rabgef1 Ϫ/Ϫ vs. ϩ͞ϩ BMCMCs.
Upon SCF-induced dimerization, c-Kit is internalized by clathrin-mediated endocytosis and then degraded (49) . Restoration of surface c-Kit expression is thought to depend primarily on new protein synthesis (50) . To evaluate ligand-induced receptor endocytosis in BMCMCs, we assessed by flow cytometry the SCF-induced loss of surface c-Kit staining. SCF-induced internalization of c-Kit was delayed in Rabgef1 Ϫ/Ϫ vs. ϩ͞ϩ BMCMCs (Fig. 3A) . Pooled data revealed significant suppression of c-Kit internalization in the absence of RabGEF1: percent c-Kit internalization was 68.6 Ϯ 5.2% vs. 30.5 Ϯ 6.2% (n ϭ 6; P Ͻ 0.001) at 1 h and 79.0 Ϯ 4.2% vs. 51.4 Ϯ 4.1% (n ϭ 10; P Ͻ 0.001) at 3 h after stimulation with SCF in ϩ͞ϩ vs. Ϫ͞Ϫ BMCMCs, respectively (Fig. 3B) .
These data provide evidence that RabGEF1 plays a key role in the regulation of endocytic events in the context of an intact cell. Furthermore, the delayed c-Kit internalization in Rabgef1 Ϫ/Ϫ mast cells suggests that Rab5 activity is compromised in the absence of RabGEF1. Although no studies to date have investigated the dependence of c-Kit internalization on Rab5, the internalization and trafficking of other receptor tyrosine kinases, such as the epidermal growth factor receptor (EGFR), are known to be Rab5-dependent (46) . In addition to RabGEF1, several GEFs for Rab5 have been identified, including Rin1 (20), Rin2 (51), Rin3 (52), and ALS2 (53); however, the redundancy for Rab5 activation has not yet been investigated. Our findings indicate that RabGEF1 plays a significant and nonredundant role in regulating endocytosis in BMCMCs.
Receptor endocytosis is traditionally thought to attenuate ligand-induced signaling events and cellular responses (43, 54) . Therefore, it is reasonable to propose that delayed c-Kit internalization (Fig. 3 ) may contribute to the prolonged SCF-induced signaling events observed in Rabgef1 Ϫ/Ϫ BMCMCs. The findings that these cells demonstrate elevated and prolonged signaling after stimulation with either SCF (Figs. 1 and 2) or IgE plus antigen (8) suggest the possibility of a similar defect; however, it will be important to investigate the role of RabGEF1 in the internalization of other receptor families (e.g., FcRI, IL-3 receptor, TLRs, etc.). Furthermore, a number of signaling molecules activated downstream of c-Kit have been reported to play an important role in the regulation of receptor internalization [e.g., Ras (20, 55) , Akt (55) , and Src family kinases (54)]; thus, it will be important to study the effects of these signaling molecules on SCF-induced endocytosis in the presence and absence of RabGEF1.
Complicating matters further, ligand-induced endocytosis and normal cellular trafficking of various receptors may be necessary to activate the full spectrum of intracellular signaling pathways downstream of these receptors (42-44, 54, 56) . Therefore, it also will be important to evaluate whether additional Rab5-dependent mechanisms, such as endosome fusion and trafficking, are altered in the absence of RabGEF1.
Infection of Rabgef1 ؊/؊ BMCMCs with a WT RabGEF1 Lentiviral
Construct Normalizes c-Kit Internalization. To better understand the aberrations observed in Rabgef1 Ϫ/Ϫ BMCMCs, we wished to restore RabGEF1 protein expression in these cells. Although it is difficult to introduce foreign DNA into mast cells, successful approaches employing retroviral infection of BMCMCs have been reported (57) . For our studies, we attempted to develop a lentiviral vector system for infection of mouse BMCMCs. Lentiviral vectors are actively imported to the nucleus; thus, they are able to integrate and induce stable cDNA expression in nondividing or slowly dividing cells (58) . WT RabGEF1 cDNA was cloned into a lentiviral vector containing an internal ribosomal entry site (IRES) controlling GFP expression (58) . BMCMCs were infected with viral supernatants from 293T cells transfected with control lentiviral vector (empty) or the lentiviral vector containing WT RabGEF1 cDNA, then sorted by GFP expression. After infection of Rabgef1 Ϫ/Ϫ BMCMCs with the WT construct, Western blot analysis revealed that RabGEF1 expression levels were comparable with the endogenous levels in ϩ͞ϩ cells (Fig. 4A) .
To test the function of the reconstituted RabGEF1, we examined c-Kit internalization in Rabgef1 Ϫ/Ϫ BMCMCs infected with the empty or WT RabGEF1 lentiviral constructs. Expression of WT RabGEF1 in Rabgef1 Ϫ/Ϫ BMCMCs virtually normalized the ability of these cells to internalize c-Kit after stimulation with SCF (Fig. 4 B and C; see also Fig. 14, which is published as supporting information on the PNAS web site). These findings provide direct evidence that the abnormality in c-Kit internalization observed in Rabgef1 Ϫ/Ϫ BMCMCs indeed reflects an important role for RabGEF1 in the pathways that regulate c-Kit receptor internalization. Moreover, these findings show that we can use lentiviral approaches to infect BMCMCs directly and thereby alter expression levels of the mutant or WT protein of interest after mast cell differentiation has occurred.
Mast cells have been implicated in many diseases and in host defense. Accordingly, a better understanding of the positive and negative regulation of the signaling pathways that control mast cell function will advance our understanding of the biology of these cells and may suggest novel therapeutic approaches to modulate their function in health and disease. Our results indicate that RabGEF1 plays rather complex, but important, roles in the regulation of c-Kit-dependent signaling and biological activation in mast cells. The approaches described herein, particularly the lentiviral infection of BMCMCs, will facilitate examination of the consequences of specific mutations of Rab-GEF1 on mast cell function in response to SCF, IgE plus antigen, or other stimuli. Such approaches also will be helpful in attempts to study the role of RabGEF1 and other factors that may link the processes of endocytosis and signaling in mast cells.
Materials and Methods
Cell Culture. Femoral and tibial bone marrow from 4-to 8-weekold Rabgef1 Ϫ/Ϫ mice generated on a 129͞SvEv or 129͞SvEv and C57BL͞6 mixed background (8) or their ϩ͞ϩ littermates was cultured in DMEM plus IL-3 containing medium for 4-8 weeks to generate populations of BMCMCs that were Ͼ95% pure by flow cytometry (described below). c-Kit Internalization. BMCMCs starved for 16 h in DMEM plus 10% FCS were resuspended in DMEM plus 0.1% BSA and 100 ng͞ml SCF. Aliquots were removed at 0, 1, or 3 h, and surface expression levels of c-Kit were analyzed by flow cytometry as described above.
Annexin V Staining. Annexin V staining and analysis was performed according to the manufacturer's instructions (BD ApoAlert; BD Biosciences) on a FACSCalibur.
Assessment of Ras Activation. Ras activation was assayed with the EZ-Detect Ras Activation Kit (Pierce). A GST fusion protein containing the Ras-binding domain of Raf-1 was used to precipitate active GTP-bound Ras.
Chemotaxis Assays. In vitro transwell chemotaxis assays were performed as described in ref. 59 by using 5-m pore Transwell inserts (Costar) coated with 50 g͞ml fibronectin (Sigma).
Cell Proliferation Assays.
3 H-Thymidine incorporation assays were performed as described in ref. 60 .
3 H-thymidine incorporated over 6 h was expressed as cpm. Lentiviral Vector Production. The entire coding region of Rab-GEF1 cDNA (8) was PCR amplified by using the 5Ј primer 5Ј-CCGTCCGGAATGTACCCATACGATGT TCCAGAT T-ACGCTATGAGCCTGAAGTCCGAACG-3Ј (BspE1 site in bold, HA epitope DNA sequence in italics), and the 3Ј primer 5Ј-CCGGCTAGCTCACCCTGCGTACACCTGAGG-3Ј (Nhel site in bold) and subcloned into pRRLsin-18.PPT.PGK.MC-S.IRES.GFP.pre (58) . Active viral stocks were created and concentrated as described in ref. 58 . Briefly, 293T cells were transfected with the transfer vector plasmid pRRLsin-18.PP T.PGK.MCS.IR ES.GFP.pre (empty) or pRR Lsin-18.PPT.PGK.RabGEF1.IRES.GFP.pre (WT), the VSV-G envelope-encoding plasmid pMD.G, and the packaging plasmid CMV⌬R8.74 (58) by using the calcium phosphate method. The supernatants were harvested 48 and 72 h after transfection, pooled, passed through a 0.45-m filter, ultracentrifuged for 2 h at 100,000 ϫ g in a SW28 rotor, resuspended in 100 l of 0.1% BSA in PBS, and stored at Ϫ80°C. Lentiviral Infection. Two-to five-week-old BMCMCs were infected with viral supernatants from 293T cells transfected with control lentiviral vector (empty) or the lentiviral vector containing WT RabGEF1 cDNA as described above. Then, 72-96 h after infection, BMCMCs were sorted by GFP expression using FACS Vantage SE͞DiVa (Becton Dickinson) and cultured in Iscove's modified Dulbecco's medium plus 10 ng͞ml IL-3 (PeproTech). 
